The effect of cobalt addition on the activity of nanocrystalline iron catalysts in the cracking of methane reaction is studied. The composition and properties of the catalyst were determined by inductively coupled plasma optical emission spectrometry, X-ray diffraction and temperature-programmed reduction methods. The activity of the catalyst in the reaction was defined by measuring the concentration of hydrogen, which was determined by gas chromatography. After cracking of methane reaction, the sample coated with a carbon deposit was examined with scanning electron microscope with energydispersive spectrometer. The reaction yield in the direction of hydrogen acquisition for the catalyst with cobalt was above 80%, and after the regeneration process, the catalyst was still active at a very high level. The reaction path for the catalyst without the cobalt addition was performed in two steps, and the catalyst after the reaction was non-regenerative.
INTRODUCTION
Global warming is defined an increase in the concentration of CO 2 and other greenhouse gases (CO 2 , CH 4 , N 2 O or chlorofluorocarbon) in the atmosphere, which results from the combustion of conventional fuels. Because of increased global warming, there is a search for alternative sources of energy. In this regard, hydrogen seems to be particularly promising (Amin et al. 2011; Dufour et al. 2010) . Hydrogen is widely used in various industrial process for the synthesis of chemical products, as well as in processes such as hydrogenation and reduction. However, it is less often used as a fuel source. Given the growing need for fuels that have limited impact on the environment, in the future, hydrogen can be also used as a valuable source of energy. Hydrogen can be obtained by several methods, including thermochemical processes, electrochemical processes, photocatalytic processes, photochemical processes and under precise conditions with certain species of algae that use sunlight energy (Balat 2008; Mukainakano et al. 2008) . At present, the most commonly used method for hydrogen production is steam reforming (Balat 2008) . Unfortunately, because of the presence of carbon monoxide in the gas stream obtained, hydrogen is not suitable for direct use. Consequently, it is necessary to pay attention to identifying direct ways of methane decomposition. The cracking process of methane can be explained as follows:
This is an endothermic process that requires temperature over 1200 °C. However, with the use of a suitable catalyst, this temperature can be reduced (Momirlan and Veziroglu 2005) .
According to the previous studies, iron-group metals (Ni, Co and Fe) show the highest activity in the cracking of hydrocarbons (Abbas and Wan Daud 2010; Li et al. 2011) . Nickel is most widely used due to its low price and high activity, and its efficiency is confirmed by studies carried out in several scientific centres. Unfortunately, nickel is quickly deactivated. Iron catalysts are considered suitable for use in the cracking of methane. These have significant resistance to high temperatures and are relatively inexpensive. However, they show rather low activity. To improve the activity of a catalyst, metals or metal oxides are used as additives. Cobalt has intermediate properties (high activity in the cracking of methane reaction and considerable resistance to high temperatures), and therefore, it seems to be a good addition, improving the catalyst's activity in this type of reaction (Abbas and Wan Daud 2010; Amin et al. 2011; Li et al. 2011) .
The aim of this research was to study the activity of the nanocrystalline iron catalyst with or without the addition of cobalt in the cracking of methane reaction. The carrier catalysts used in the cracking of methane reaction did not prove successful, and thus, iron-fused catalysts were used for the decomposition of methane to obtain hydrogen.
EXPERIMENTAL 2.1. Catalysts
The nanocrystalline iron catalysts were obtained as described in a previous work (Lendzion-Bieluń and Arabczyk 2013), which involved a fusion of magnetite or wüstite with small amounts of aluminium, calcium, potassium and/or cobalt oxides. The presence of aluminium and calcium oxides prevents sintering of the catalyst at high temperatures. Using the inductively coupled plasma optical emission spectrometry method, the composition of the catalysts was determined (Table 1) . 
Characterization Techniques
X-ray diffraction (XRD) patterns were collected using a PANalytical X'Pert Pro MRD diffractometer in the Bragg-Brentano reflecting geometry. Data were collected in the range 3-80°2 θ with step size of 0.0167° and exposition/step of 19.6 seconds. The nickel filter was placed on the receiving end to eliminate Cu-K β radiation. The Soller slits, both primary and secondary, reduced the asymmetry of the peaks at low diffraction angles.
The morphological appearance of the deposited carbon was studied with a scanning electron microscope (SEM; Hitachi S-4700). The device is equipped with an energy-dispersive spectrometer (EDS). Temperature-programmed reduction (TPR) measurements were carried out in an automatic TPR system (AMI-1) for both catalysts in the temperature range of 25-800 °C, in the Cracking of Methane Reaction using hydrogen stream (5% H 2 and 95% Ar). A pre-weighted amount of the sample (10 mg) was added to a quartz tube and calcined in an oxygen atmosphere at 200 °C for 30 minutes before obtaining TPR measurements, and then the mixture was cooled down to room temperature . The temperature ramp rate was 10 °C/minute and the flow rate was 40 ml/minute in the TPR analysis. Hydrogen consumption was monitored by a thermal conductivity detector (TCD).
Activity Tests
Activity tests were carried out in a quartz reactor [diameter (ϕ), 6 mm], which was filled with 0.20 g of a catalyst, with a pure CH 4 flow rate of 20 ml/minute at a reaction temperature of 700 °C. The reactor was kept inside an electric furnace, with the reaction temperature controlled by a temperature controller. Before performing the activity tests, all catalysts were subjected to a reduction pre-treatment with a pure hydrogen flow (flow rate, 20 ml/minute) for 10 hours at a reduction temperature of 500 °C. The outlet concentration of hydrogen was determined by chromatography using a column filled with molecular sieves (5A) and a TCD.
Catalyst Regeneration
The catalyst coated with the carbon deposit was regenerated at 500 °C (air regeneration), with a gas flow rate of 20 ml/minute for 2 hours, and then the reaction mixture was cooled down to 50 °C. This step was repeated three times, following which the sample of the catalyst was reduced for 5 hours at 500 °C and subjected to further activity tests.
RESULTS AND DISCUSSION
The XRD patterns of the catalyst for a fresh sample and after the reduction process are shown in Figure 1 (S1). The XRD pattern for a fresh sample of the catalyst shows only FeO peaks. Figure 2 shows the XRD patterns of the catalyst with the cobalt addition (S2). The presence of Fe 3 O 4 and Fe 2 O 3 in the fresh catalyst sample is evident from the strong peak at 2θ = 35.5 as well as the weaker ones at 2θ = 30.2 and 43.2. However, peaks attributed to cobalt are not observed because even a little difference between ionic radii of Co 2+ and Fe 2+ can cause a shift in peaks; in addition, there is incorporation of cobalt ions into the iron lattice (Lendzion-Bieluń and Arabczyk 2013). The graph of the catalyst samples after the reduction process shows a strong iron peak at 2θ = 44.9. This proves that both catalyst samples were completely reduced before the activity tests.
The TPR tests were carried out after the activity tests. Figure 3 shows the reduction profiles of catalysts. An increase in the value of TCD response in both cases starts at 400 °C and does not stop until 800 °C, but for the S2 catalyst this response is more intense, indicating that the S2 catalyst has a greater ability to reduce. These results suggest that the addition of cobalt improves the process of catalyst reduction.
Changes in the concentration of hydrogen during the cracking of methane reaction are presented in Figure 4 . The reaction path for S1 catalyst consists of two steps: In the first step, the concentration of hydrogen abruptly reached 50% and decreased sharply. In the second step, the activity grew gradually and after 9 hours, the concentration of hydrogen reached 40%. The twostage mechanism of this reaction is proposed in Figure 5 . In the first step, the catalyst breaks into 562 K. Maj et al./Adsorption Science & Technology Vol. 33 No. 6-8 2015 smaller parts due to the penetration of carbon through the pores of the catalyst, whereas in the second step, the appearance of fresh active sites is noted. A completely different profile of the reaction path was obtained for the S2 catalyst. The concentration of hydrogen increased to 85%, and after 1 hour, the carbon deposit began to block the reaction space in the reactor. However, in this case, the catalyst particles spread throughout the volume of reactor. The two-step path is invisible in this case because addition of cobalt improves the activity, and only a dramatic increase is seen in the graph.
It is expected that the catalysts used for cracking of methane are deactivated due to carbon deposition (Amin et al. 2012) . Carbon deposition may restrict the activity of the catalyst in Figure 4. Concentration of hydrogen during the cracking of methane carried out at 700 °C using S1 fresh catalyst without and with cobalt (methane flow rate, 20 ml/minute).
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Breaking of the catalyst into smaller parts Figure 5 . Schema of the proposed mechanism for breaking catalyst into smaller parts. different ways, for example, by strong absorption on the active-phase surface, by physically blocking the reactor, or by clogging the pores (Amin et al. 2011) . Catalyst sintering and carbon encapsulation are among the basic deactivation mechanisms of catalysts. Carbon adhering to the surface of the catalyst can produce different forms, for example, filamentous, nanotubes, graphite, or amorphous carbon. However, the efficiency of the catalyst coated with carbon can be regained following regeneration. According to Amin et al. (2011 Amin et al. ( , 2012 , there are three main methods of catalyst regeneration-air regeneration, steam regeneration and carbon dioxide regeneration. All these methods have both advantages and disadvantages. Depending on the type and degree of carbon deposition, regeneration conditions are selected, which includes the temperature, time and a regenerating agent.
Furthermore, the carbon deposit formed on the S1 catalyst makes it difficult to regenerate the catalyst. However, by contrast, the carbon deposit formed on the S2 catalyst can be easily removed by the air-regeneration process. Figure 6 shows the comparison of activity for a fresh catalyst and a catalyst after the catalytic cracking/air regeneration cycle. The loss of activity during the other cycle was only minimal. The samples of both catalysts coated with carbon deposit after cracking of methane reaction were examined using an SEM/EDS.
The carbon deposit on the S1 catalyst shows a compact form [ Figures 7 (a and b) ], arranged as clusters without any specific geometric forms. However, the situation is different for the S2 catalyst [ Figures 7 (c and d) ]. These images show that the surface of S2 catalyst is completely covered with carbon, and the deposits formed showed the formation of characteristic (sophisticated) whiskers.
The XRD analyses were also carried out for both catalyst samples with the carbon deposit. Figure 8 shows the XRD patterns of carbon deposit for the catalyst samples without cobalt (S1) and with cobalt (S2). It can be seen that in the S2 sample, many high peaks are observed, indicating that the presence of cobalt initiates the formation of graphite.
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CONCLUSION
In this study, we investigated Fe-based catalysts as an alternative source for catalytic cracking of methane to obtain pure hydrogen. The influence of the addition of cobalt on the catalytic activity was examined. Using a catalyst with cobalt addition improves the concentration of hydrogen obtained, with levels of up to 85% being achieved. The reaction proceeded until there was deficiency of gas flow due to the physical blocking of the reactor by the accumulation of carbon deposit. A contrasting situation was observed when a catalyst without the addition of cobalt was used. In this case, the reaction path involves two steps. The reaction termination is attributed to the fact that the catalyst breaks into smaller parts due to the penetration of carbon molecules through the pores of the catalyst. Moreover, the concentration of hydrogen is not as high as for the S1 catalyst with the addition of cobalt. It was also found that the catalyst without the addition of cobalt was non-regenerative (i.e. it is difficult to remove the carbon deposits), whereas the carbon deposit formed on the catalyst with the cobalt addition was removed during the airregeneration process.
Because of catalytic cracking of methane, the surface of both catalysts was completely covered by carbon. The carbon deposit on the surface of the catalyst with the addition of cobalt showed the formation of characteristic whiskers, whereas the carbon deposit formed on the surface of the catalyst without cobalt had a more compact form. The results concerning the use of nanocrystalline iron catalyst with cobalt oxide are thus very promising.
